In Drosophila oocytes and neuroblasts, the double-stranded RNA binding protein Staufen assembles into ribonucleoprotein particles, which mediate cytoplasmic mRNA trafficking and translation. Two different mammalian orthologues also appear to reside in distinct RNA-containing particles. To date, relatively little is known about the molecular composition of Staufen-containing ribonucleoprotein complexes. Here, we have used a novel one-step affinity purification protocol to identify components of Staufen 1-containing particles. Whereas the nucleocytoplasmic RNAbinding protein nucleolin is linked to Staufen in an RNA-dependent manner, the association of protein phosphatase 1, the microtubule-dependent motor protein kinesin and several components of the large and small ribosomal subunits with Staufen ribonucleoprotein complexes is RNA-independent. Notably, all these components do not co-purify with a second RNA-binding protein, hnRNPK (heterogeneous ribonucleoprotein K), demonstrating the high specificity of the purification protocol. Furthermore, pull-down and immunoprecipitation experiments suggest a direct interaction between Staufen 1 and the ribosomal protein P0 in vitro as well as in cells. In cell fractionation and sucrose gradient assays, Staufen co-fractionates with intact ribosomes and polysomes, but not with the isolated 40 S ribosomal subunit. Taken together, these findings imply that, in the cytoplasm of mammalian cells, an association with the ribosomal P-stalk protein P0 recruits Staufen 1 into ribosome-containing ribonucleoprotein particles, which also contain kinesin, protein phosphatase 1 and nucleolin.
INTRODUCTION
In many different cell types, a locally regulated protein synthesis in restricted cytoplasmic subregions of the cell appears to contribute to the establishment and maintenance of cell polarity [1, 2] . Both cytoplasmic trafficking and site-specific translation of mRNAs in various cell types seems to be regulated by an ordered interaction of cis-acting RNA sequences with trans-acting proteins. In Drosophila, the double-stranded RNA-binding protein Staufen plays an essential role in the cytoplasmic localization of oskar and bicoid [1] mRNAs in oocytes, and of prospero transcripts in dividing neuroblasts [3] . Two mammalian Staufen orthologues, Stau1 and Stau2 (Staufen 1 and Staufen 2 respectively), from mouse, rat and human sources, are expressed in many tissues [4] [5] [6] [7] [8] [9] [10] . Stau1 co-localizes with the rough endoplasmic reticulum [5] [6] [7] 11] and microtubules [6, 9, 11] , and binds to RNA both in vitro and in vivo [6, 7, 9, 10] . In neurons, Stau1 and Stau2 appear to form distinct RNPs (ribonucleoprotein particles), which move along dendritic microtubules [8, 10, [12] [13] [14] [15] . For the present study, we have developed a novel one-step affinity purification protocol to unravel the molecular composition of mammalian Stau1-containing complexes. Stau1 RNPs are shown to contain the RNA-binding shuttling protein nucleolin, PP1 (protein phosphatase 1), the motor protein kinesin, and several components of the large and small ribosomal subunits, whereas none of these components co-purified with the hnRNPK (heterogeneous ribonucleoprotein K). Further experiments demonstrate an interaction between Stau1 and the ribosomal protein P0, as well as a co-fractionation of Stau1 with intact ribosomes and polysomes. Thus these findings suggest a P0-mediated recruitment of Stau1 to ribosome-containing RNPs, which may be involved in mRNA trafficking and translation.
EXPERIMENTAL

Construction of expression vectors
cDNA inserts were amplified via PCR with oligonucleotides containing restriction enzyme sites [9] [GenBank ® accession numbers: rStau1 (rat Stau1), AF290989; rat nucleolin, AH002217; rat PP1α, S78215; rat hnRNPK, NM002140; rat Sharpin, AF203906; and human P0, NM 001002]. Digested PCR products were inserted into accordingly prepared prokaryotic expression vector pGEX2T (Amersham Biosciences, Uppsala, Sweden) or eukaryotic expression vectors pCMVtag2B (Stratagene GmbH, Heidelberg, Germany) and pEGFP-N1 (where 'EGFP' is enhanced green fluorescent protein; ClonTech Laboratories, Palo Alto, CA, U.S.A.). Vectors pGEX2T-rStau1, pGEX2T-PP1, pCMVtag2B-Stau1, pCMVtag2B-Nuc, pStau1-EGFP and pP0-EGFP contain the full-length coding regions of the respective Stau1, PP1α, nucleolin and P0 cDNAs. The P0 vector was kindly given by Dr Marek Tchórzewski (Department of Molecular Biology, Lubin, Poland). Number ranges in the names of fusion proteins encoded by different vectors refer to the N-and C-terminal amino acid positions of the corresponding endogenous proteins. The PDZ domain of SSTRIP (somatostatin receptorinteracting protein) [16] was PCR-amplified with two oligonucleotides (5 -TTTGGATCCTGGCTCCTACGACAGC-3 and  (5 -TTTGCGGCCGCTTACACTGCCTCATCC-3 ) , digested with BamHI/NotI and subcloned into pEGFP-N1 (ClonTech Laboratories) to create pPDZ-N1. Coding regions of rStau1 and hnRNPK cDNAs were PCR-amplified, digested with EcoRI/ BamHI and XhoI/EcoRI respectively, and subcloned into pPDZ-N1 to generate pStau1-PDZ and phnRNPK-PDZ. An EcoRI/ BamHI fragment from pGW1-Sharpin [17] was inserted into pPDZ-N1 to generate pSharp-PDZ.
GST (glutathione S-transferase) pull-down assay
GST fusion proteins were expressed in Escherichia coli BL21 codon plus cells (Stratagene GmbH) and affinity-purified with glutathione-Sepharose 4B beads (Amersham Biosciences). Protein-coated beads were washed five times with STE buffer [10 mM Tris/HCl (pH 8.0)/150 mM NaCl/1 mM EDTA] containing 10 µM PMSF, and stored at 4
• C until further use in GST pulldown experiments. Adult rat brain was homogenized in RIPA buffer [150 mM NaCl/50 mM Tris/HCl (pH 8.0)/5 mM EDTA (pH 8.0)/0.5 % sodium deoxycholate/1 % Nonidet P-40/0.1 % SDS] containing 0.1 % (v/v) of a stock solution of the proteinase inhibitor cocktail Complete TM (Roche Diagnostics, Heidelberg, Germany) and 40 units/ml RNaseOUT (Invitrogen GmbH, Karlsruhe, Germany), followed by centrifugation at 15 800 g and 4
• C for 15 min. Brain proteins from the supernatant fraction were allowed to bind to Sepharose-coupled GST fusion proteins for 2 h at 4
• C, followed by five washes with RIPA buffer. Bound proteins were eluted from the beads by boiling in sample buffer [18] , before being subjected to Western blotting.
Cell culture and transfection
HEK (human embryonic kidney)-293 cells (A.T.C.C., Rockville, MD, U.S.A.) were grown and transfected with the eukaryotic expression vectors pStau1-PDZ, phnRNPK-PDZ, pCMVtag2B-Nuc, pEGFP-Nuc 1-N310 , pEGFP-Nuc 309-Nuc713 and pP0-EGFP, as described previously [15] .
Affinity purification of PDZ-tagged proteins
A synthetic peptide corresponding to the C-terminus of GKAP/ SAPAP1 (guanylate kinase-associated protein/SAP90/PSD-95-associated protein; sequence IYIPEAQTRL) [19] was obtained from Genemed Synthesis Inc. (San Francisco, CA, U.S.A.). The peptide was coupled to NHS-activated Sepharose TM (Amersham Biosciences) at a concentration of 3 mg/ml Sepharose matrix. Six plates of transfected HEK-293 cells per construct were lysed in 1 ml RIPA buffer/culture dish (10 cm diameter) on ice for 15 min. In some experiments, lysates were incubated with 50 µg/ml RNase A (Type XII-A; Sigma-Aldrich, Taufkirchen, Germany) in lysis buffer for 15 min at 4
• C. Lysates were centrifuged (20 000 g for 10 min) to remove insoluble matter. Supernatant fractions were incubated with 80 µl of GKAP-Sepharose slurry (60 µl of the precipitated bead-volume) for 2 h at 4
• C with slight agitation. Sepharose beads with bound PDZ-domaincontaining proteins were precipitated by centrifugation (300 g for 1 min). Beads were washed five times (1 ml of RIPA buffer each wash). From the precipitated beads, bound proteins were eluted with 60 µl of sample buffer. Alternatively, cell lysis and protein purification were performed in IP buffer [immunoprecipitation buffer: 120 mM NaCl/50 mM Tris/HCl (pH 8.0)/ 1 mM EDTA/0.5 % Nonidet P-40/0.1 mM PMSF/0.1 % (v/v) of stock-solution proteinase inhibitor cocktail Complete TM ]. MS (mass spectrometry) was performed as described previously [20] .
We have now extensively characterized the PDZ-tag affinitypurification technique. The GKAP C-terminus interacts selectively with the PDZ domain of SSTRIP/Shanks. As these proteins are highly expressed in neurons, but are only present at very low levels in cells derived from peripheral tissues, the GKAP matrix precipitates hardly any endogenous protein from cell lines, such as HEK-293 or HeLa cells. Owing to the high affinity of the peptide-PDZ domain interaction, rather stringent washing conditions, such as using 1 M NaCl, may be used, if required and tolerated by putative interaction partners of the PDZ-tagged bait. High selectivity of this procedure is demonstrated further by the fact that the Stau1-associated proteins identified in the present study are not detected in affinity purifications performed with several other PDZ-tagged proteins, including the neuronal scaffolding protein Sharpin (herein), Golgi-associated protein PIST, postsynaptic protein densin-180 and the tight junction protein MUPP1 (multi-PDZ protein 1; H.-J. Kreienkamp, C.-W. Liew, A. Quitsch and W. Wente, unpublished work). Since hnRNPK is an RNA-binding protein, similar to Stau1, we have deliberately included PDZ-tagged hnRNPK to evaluate further the specificity of individual proteins that co-purify with Stau1.
Cell fractionation and sucrose gradients
Preparation of different rat brain fractions was performed as described previously [21] . • C, the final supernatant was loaded on to a sucrose step gradient (5/10/15/20/25/ 30 % sucrose) in HKM buffer. Gradients were centrifuged at 200 000 g in a Sorvall TH614 rotor for 2 h at 4
• C. Fractions (0.5 ml) were collected from the top of the vial. Aliquots of each fraction were analysed for protein and RNA composition. Proteins were precipitated with 20 % (w/v) trichloroacetic acid and cold acetone before Western blotting. RNA was extracted with peqGOLD TriFast (peqLab Biotechnology GmbH, Erlangen, Germany), and analysed on a non-denaturing 1.2 % agarose gel.
Antibodies, immunoprecipitation and Western blotting
Generation of affinity-purified Stau1 antibodies has been described previously [15] . GmbH, Steinheim, Germany) or 5 µg of polyclonal antibody against the EGFP (anti-EGFP-peptide antibody; Clontech) and 25 µl of Protein A-agarose. Samples were centrifuged, washed and resuspended in sample buffer. For Western blots, primary antibodies directed against rStau1, P0 and kinesin were diluted 1:500 to 1:1000. Other antibodies were used at concentrations recommended by the manufacturer. Blots were analysed with the ECL ® -System (Roche Diagnotics GmbH, Mannheim, Germany).
RESULTS
Purification of Stau1 ribonucleoprotein complexes
To identify components of Staufen RNPs assembled in vivo, we employed a novel one-step purification protocol. C-terminally PDZ-tagged Stau1, hnRNPK and Sharpin were transiently expressed in HEK-293 cells. After cell lysis, PDZ proteins were purified from both untreated and RNase-digested extracts using Sepharose beads coated with a 10-amino-acid residue peptide reflecting the C-terminus of GKAP/SAPAP1. This peptide binds with high affinity and specificity to the PDZ domain of the recombinant fusion proteins. After washing, affinity-purified proteins were separated by SDS/10%-PAGE, and prominent bands shown in Figure 1 were isolated and analysed via MS (for a summary of the identified proteins, see Table 1 ). RNase-insensitive interacting proteins of approx. 20-34 kDa were identified as ribosomal proteins L21, L10, L15, L14, S8, L7a, S3a, S6, S2, L6 and P0 (Figure 1 ). Larger bands contained β4-tubulin (50 kDa), PDZ-tagged rStau1 (70 kDa), the nucleocytoplasmic RNA-binding protein nucleolin (105 kDa) [22] , the nuclear factor associated with double-stranded RNA (NFAR; 110 kDa) [23] , hnRNPU (120 kDa) [24] and the RNA helicase A (150 kDa) [25] . RNase treatment strongly decreased the intensity of the nucleolin- containing band. Notably, none of these proteins was identified in affinity-purified material from untransfected HEK-293 cells or from cells expressing PDZ-tagged RNA-binding protein hnRNPK [24] or the PDZ-tagged neuronal protein Sharpin [17] , with the exception of hnRNPU, which was also found in the hnRNPK complex ( Figure 1 ). RNase treatment increased the efficiency of affinity purification of tagged Stau1 (Figure 1 ). This may be due to an increased accessibility of PDZ domains in the RNasetreated complex. Essentially identical data were obtained with both IP and RIPA buffer (results not shown). RIPA buffer contains 0.1 % SDS and 0.5 % deoxycholate, and disrupts relatively weak protein-protein interactions. Next, we verified the MS data and investigated the presence of other candidate components in Stau1 RNPs. Proteins that were co-affinity-purified with Stau1 and hnRNPK fusion proteins from both non-and RNase-treated cell extracts were separated by SDS/PAGE and analysed via Western blotting with different antibodies (Figure 2A ). Agarose gel analysis of the RNA isolated from RNase-treated and untreated cell lysates shows complete RNA degradation in the treated fractions, as indicated by the disappearance of both 28 S and 18 S rRNA bands ( Figure 2B ). In Western blots, the ribosomal proteins P0 and L7a were detected in Stau1 precipitates from both untreated and RNase-digested cell lysates ( Figure 2A , lanes P). In contrast, nucleolin and the PABP [24] were detected in the Stau1 precipitate before, but not after, RNase digestion, indicating that their association with this complex involves RNA-protein interactions. In a previous study [15] , we have identified PP1 as a component of Stau1 complexes in the rat brain that directly interacts with Stau1. Western blot analysis of affinity-purified cell extracts performed in the present study shows that, in HEK-293 cells, PP1α also associates with Stau1 RNPs in an RNA-independent manner (Figure 2A) . P0, L7a, nucleolin and PP1 were not found in fractions that were affinity-purified with the structurally unrelated RNA-binding protein hnRNPK (Figure 2A ), indicating that these proteins specifically associate with Stau1 complexes in living cells. PABP, however, associates with both Stau1 and hnRNPK RNPs in an RNA-dependent manner. The plus-end-directed microtubule-associated motor protein kinesin 1 is present in both untreated and RNase-treated Stau1 RNPs (Figure 2A ). This is in agreement with the finding that, in cultured neurons, Stau1 particles move bidirectionally along dendritic microtubules [9, 11, 13] . In contrast, the minus-end-directed motor dynein is absent from Stau1 RNPs. Moreover, the second most abundant protein of eukaryotic cells, EF1α [26] , is not found in any of the four affinity-purified fractions, supporting the high specificity of the affinity-purification protocol.
Stau1 associates with nucleolin in an RNA-dependent manner
To verify the recruitment of nucleolin into Stau1 RNPs, HEK-293 cells were co-transfected with vectors encoding Stau1-EGFP and FLAG-nucleolin, followed by immunoprecipitation ( Figure 3 ). Western blot analysis with anti-GFP and anti-FLAG antibodies revealed the presence of FLAG-nucleolin and Stau1-EGFP in anti-FLAG immunoprecipitates ( Figure 3B ), indicating an association of both proteins in transfected cells. To map further the domains involved in this interaction, we co-expressed two different EGFP-tagged subregions of nucleolin together with FLAG-Stau1. Whereas FLAG-Stau1 and Nuc 309-Nuc713 -EGFP were clearly detected in anti-FLAG immunoprecipitates (Figures 3C and 3D) , Nuc 1-N310 -EGFP was not present ( Figure 3C ). In addition, immunoprecipitation was performed with anti-FLAG antibody and extracts from cells co-expressing Nuc 309-Nuc713 -EGFP and FLAG-dsRBD2/3, possessing only dsRBDs (doublestranded RNA-binding domains) 2 and 3 of Stau1. The precipitate contained both FLAG-dsRBD2/3 and Nuc 309-Nuc713 -EGFP ( Figure 3E) , showing that RNA-binding domains of both proteins are involved in their cytoplasmic association. None of the recombinant proteins were precipitated with a rabbit IgG control antiserum ( Figures 3B-3E ).
Stau1 co-fractionates with intact ribosomes and polysomes
The presence of several ribosomal proteins in the Stau1-PDZpurified material indicates that Stau1 associates with ribosomes. To evaluate further this observation, we investigated the abundance of Stau1 in different subcellular rat brain fractions (Figure 4A) . In a Western blot, minor amounts of Stau1 are detected in the crude lysate and the nuclear fraction, whereas it is hardly visible in the cytosolic portion. In contrast, Stau1 is strongly enriched in the polysome fraction, indicating that the vast majority of cytoplasmic Stau1 is recruited into large RNP complexes. In addition, total RNA isolated from Stau1-PDZ affinity-purified material contains both 18 S and 28 S ribosomal rRNAs, suggesting that Stau1 complexes include intact ribosomes ( Figure 4B ). To characterize Stau1 RNPs in more detail, we fractionated cytoplasmic extracts from HEK-293 cells in a 5-30 % sucrose gradient ( Figure 4C ). From recovered fractions, total RNA was isolated to determine the distribution of 40 S and 60 S ribosomal subunits, as well as intact ribosomes and polysomes. Aliquots of each fraction were analysed further on Western blots using antibodies directed against Stau1, P0 and L7a. Analysis of the distribution of 18 S and 28 S rRNAs revealed that the first five fractions do not contain ribosomal subunits, whereas fractions 6-10 preferentially include the 40 S, but not the 60 S, subunit. Fractions 1-10 contain only trace amounts of Stau1, and essentially no L7a from the large ribosomal subunit. Note that Stau1 does not co-fractionate with the isolated 40 S ribosomal subunit (fractions 6-10). The ribosomal protein P0 is detected in the first few fractions of the gradient harbouring soluble cytosolic components, and comigrates with Stau1 only in those heavier fractions containing intact ribosomes and polysomes. This is consistent with a previous observation that, in higher eukaryotes, the P-stalk protein P0 exists in a soluble cytoplasmic and a ribosome-associated pool [27] . Interestingly, fractions 11-14 and 21 and 22, which have a high concentration of intact ribosomes/polysomes as indicated by the accumulation of both ribosomal RNAs as well as the 60 S components P0 and L7a, are highly enriched in Stau1. However, in fractions 15-19, which possess only a moderate amount of ribosomes, Stau1 is still clearly detectable. α-Tubulin is only found in fractions 1-6 (results not shown). Taken together, these findings imply that Stau1 is a component of at least two distinct tubulin-free complexes, only one of which appears to contain significant amounts of intact ribosomes or polysomes. Stau1 does not bind efficiently to the small ribosomal subunit alone.
Stau1 interacts with the ribosomal protein P0
To verify the interaction between Stau1 and P0, one of the prominent ribosomal proteins isolated in the PDZ-affinity purification assay, we performed GST pull-down experiments (Figures 5A and 5B). Several distinct GST fusion proteins coupled with Sepharose beads were used in a pull-down assay with proteins obtained from an adult rat brain lysate. Fusion proteins containing full-length Stau1 (GST-Stau1) or Stau1 amino acid residues 1-265 (GST-Stau1 1-265 ), 95-265 (GST-Stau1 95-265 ) and 197-490 (GST-Stau1 197-490 ) pulled-down P0 and PABP. In contrast, GST-Stau1 1-163 and GST-Stau1 258-490 did not bind to P0 and PABP. Furthermore, PP1 was pulled-down with GST-Stau1, GST-Stau1 197-490 and GST-Stau1 258-490 , all of which contain the previously characterized PP1 binding site [15] . However, the phosphatase was not isolated with GST-Stau1 1-265 , GSTStau1 1-163 and GST-Stau1 95-265 , which lack this site, thus confirming the specificity of the pull-down assay. Moreover, GST alone or in fusion with full-length PP1α (GST-PP1α) pulled down neither P0 nor PP1 from rat brain extracts. None of the tested GST proteins bound to elongation factor EF1α. Association of Stau1 and P0 was verified further by immunoprecipitation. From HEK-293 cell lysates, which contained P0-EGFP together with either FLAG-Stau1 or FLAG-hnRNPK, Table 1 summarizes whether the corresponding GST fusion proteins are able to pull-down rat brain P0, PP1 and PABP. (B) Western blots of GST pull-down experiments probed with specific antibodies against P0, PABP, PP1α and EF1α. Pull-downs were performed with the indicated GST fusion proteins and an adult rat brain lysate. P0 and PABP are only pulled-down by fusion proteins containing dsRBD III. PP1 precipitation requires the previously characterized PP1 interaction site. (C) Western blots of anti-FLAG immunoprecipitates obtained from HEK-293 cells co-expressing full-length or truncated versions of EGFP-tagged P0, together with either FLAG-Stau1 (upper row) or FLAG-hnRNPK (lower row). Recombinant proteins were detected with either anti-FLAG or anti-GFP antibodies. P0 co-immunoprecipitates with recombinant Stau1, but not with hnRNPK. I, input; S, supernatant fraction; P, pellet fraction.
recombinant FLAG-tagged proteins were immunoprecipitated. Western blotting revealed that P0 co-precipitated with FLAG-Stau1, but not with FLAG-hnRNPK ( Figure 5C ). Taken together, these data suggest that, via an interaction that involves its third dsRBD and the ribosomal P-stalk protein P0, Stau1 can associate with ribosomes.
DISCUSSION
In neurons, Stau1 resides, at least in part, in large RNP complexes [12, 14] , and RNA-containing Stau1 particles move bidirectionally along dendritic microtubules [13] . To identify individual components of Stau1 RNA complexes, and thereby start to reveal cellular functions of these particles, we have developed a simple, yet highly specific one-step affinity purification protocol to isolate Stau1 RNPs. Parallel isolation and analysis of RNP complexes containing the RNA-binding protein hnRNPK or the neuronal protein Sharpin strongly underscores the high specificity of the purification assay. This is supported further by the absence of EF1α, the second most abundant protein in eukaryotic cells [26] , in all affinity-purified fractions.
We identified the RNA-binding protein nucleolin as a prominent component of Stau1 RNP complexes. Stau1-nucleolin association is RNA-dependent, and involves RNA-binding domains in both proteins. Nucleolin is known to accumulate in nucleoli, and appears to play a role at multiple steps of ribosome biogenesis, including nucleocytoplasmic export [22] . Despite its nucleolar accumulation, it shuttles between nucleus and cytoplasm and is a component of distinct mRNPs (messenger RNPs) [22, 28] , such as those containing FMRP [29] . FMRP is another nucleocytoplasmic RNA-binding protein that associates with polysomes and appears to regulate translation [30] . It has been found in a complex together with Purα, Stau1 and the motor myosin Va [31] . Consistently, in the present study we detected FMRP and PABP in Stau1 RNPs by Western blotting (Figure 2 and Table 1 ). PABP plays a role in RNA stability, transport and translation [24] . Using MS, we identified NFAR as an additional component of Stau1 RNPs. Similar to Stau1, NFAR is a double-stranded RNA-binding protein that is present in many cell types and tissues [23] . Although it is mostly concentrated in the nucleus, it also associates with translationally quiescent mRNP complexes in the cytoplasm [32] . Thus Stau1, NFAR, nucleolin, FMRP and PABP may assemble into one complex regulating mRNA trafficking and translation. RNA helicase A (RHA), another RNA-binding protein identified in Stau1 RNPs herein, may be involved in RNP remodelling [14] . RHA is a nucleocytoplasmic shuttling protein that co-operates with Sam68 and Tap in the export of retroviral RNA from the nucleus [33] . Both RHA and Tap bind to the retroviral cis-element that mediates constitutive nuclear RNA export. It is tempting to speculate that the presence of RHA in cytoplasmic Stau1 RNPs reflects a function in cytoplasmic mRNA trafficking. Consistently, Stau1 is involved in the cytoplasmic selection, as well as subsequent recruitment and encapsidation, of genomic RNA from HIV type 1 into virus particles [34, 35] . Further support for a role of RNA-binding nucleocytoplasmic shuttling proteins, such as RHA, nucleolin, NFAR and FMRP in cytoplasmic mRNA trafficking, comes from Drosophila. In fly oocytes, the nuclear processing history of oskar transcripts plays a significant role in regulating its cytoplasmic fate [36] . Thus some trans-acting factors appear to bind to a given RNA in the nucleus, remain RNA-associated after nuclear export, and thereby play a role in cytoplasmic mRNA translocation.
In mammalian neurons, endogenous Stau1 accumulates at microtubules [9, 11] , and recombinant Stau1 assembles into RNAcontaining granules, which travel bidirectionally along dendritic microtubules [13] . The identification of tubulin and kinesin in Stau1-PDZ precipitates described in the present study suggests that this plus-end-directed microtubule-based motor protein mediates Stau1 RNP movement in different cell types. This is also consistent with the finding that 670 kDa Stau1-containing particles from rat brain co-migrate with kinesin heavy chain during gel filtration [12] . In contrast, in the present study the minus-end-directed microtubule motor dynein was not found in Stau1 RNPs. Consistently, Staufen RNPs from Xenopus laevis oocytes contain kinesin, but not dynein [37] .
Our data from the sucrose gradient experiment imply that, in HEK-293 cells, Stau1 is a cytoplasmic component of at least two distinct complexes, only one of which appears to contain significant amounts of ribosomes. Neither of the groups of Stau1 particles co-migrates with tubulin in sucrose gradients (results not shown). Interestingly, large RNA granules, which were biochemically isolated from cultured neurons, contain both Stau1 and densely packed clusters of ribosomes [14] , and yet rat brain Stau1 is also present in ribosome-free fractions obtained by gel filtration [12] . Thus mammalian Stau1 appears to reside in at least two distinct RNP particles. Our sucrose gradients show further that endogenous Stau1 associates with intact ribosomes, and possibly also with the isolated large 60 S subunit, but Stau1 does not co-fractionate with the small ribosomal subunit alone.
Consistently, P0, a component of the 60 S ribosomal subunit, was found to interact with Stau1 during PDZ-affinity purification, GST pull-down and co-immunoprecipitation experiments. However, a previous report shows co-migration of Stau1 from COS cell extracts with both isolated 40 S and 60 S subunits in sucrose gradients [38] . The same study also demonstrated that a third dsRBD in Stau1 is necessary for an RNA-independent binding to ribosomes. This is consistent with our GST pull-down data, identifying the same dsRBD as an essential region involved in the association with ribosomal stalk protein P0, as well as PABP. The ribosomal stalk is a distinct lateral protuberance positioned on the large ribosomal subunit [39] . In eukaryotes, it consists of the acidic P proteins P0, P1 and P2. The latter two form heterodimers that bind to the ribosome through P0. The stalk interacts with elongation factors, and is important for efficient translational activity. Distinct from other ribosomal proteins, P proteins predominantly reside in the cytoplasm, where they exist in both a soluble cytoplasmic and a ribosome-associated pool [27, 39] . Thus the stalk constituents are thought to assemble on to ribosomal particles during the very last step of ribosome maturation, a process that takes place in the cytoplasm. Whether a recruitment of Stau1 to the ribosomal stalk, which is suggested by our work, may influence translation in mammalian cells awaits further analysis. It is noteworthy that the Drosophila Staufen orthologue plays a critical role in translational regulation of oskar mRNA in distinct cytoplasmic subregions of fly oocytes [40] .
Interestingly, several Stau1-associated components described herein were also identified in a recently published paper by Villace et al. [41] , in which a different tag was used to affinitypurify Stau1-containing particles from transfected human cells. Several proteins of both large and small ribosomal subunits, including P0, distinct nucleocytoplasmic RNA-binding proteins, such as nucleolin, RHA, hnRNPU and FMRP, and PABP, as well as tubulin and kinesin, were identified in both studies. These overlapping findings strongly underscore the high specificity of both purification methods, and support further a function of Stau1 during RNA localization and translation [24] .
In a previous study we have shown that, via a direct proteinprotein interaction, Stau1 binds PP1 in vivo in the rat brain [15] . Here, we show that PP1 is also a component of the Stau1 RNPs, which are assembled in HEK cells. In mammals, both proteins are expressed ubiquitously [5, 6, 9, 42] , and may thus interact with each other in numerous tissues and cell types. Since Stau1 does not regulate PP1 activity [15] , it may instead function as a cytoplasmic targeting factor that recruits PP1 to particular RNPs, thereby aiming the fairly unselective phosphatase activity towards specific target substrates [42] . In this context, it is interesting to note that a number of ribosomal proteins, including the P-stalk proteins, are phosphorylated in vivo [43, 44] . P protein phosphorylation regulates stalk formation [45] . Thus recruitment of Stau1, PP1, and P0 into a mutual complex may enable PP1 to regulate P protein phosphorylation, stalk assembly, and thus the translational activity of the ribosome. In the future, it will be interesting to identify those components of Stau1 RNPs whose functional regulation in vivo is governed by PP1 activity. 
